Abstract An attempt was made to explore the effect of copper sulphate treatment on growth, photosynthesis, osmolytes and antioxidants in 15 days old seedlings of C. cajan (Pigeonpea). C. cajan seedlings were grown in 0, 1, 5 and 10 mM concentrations of copper sulphate in petriplates lined with Whatman filter paper for 15 days. Root length and shoot length was decreased in a dose dependent manner with highest decrease of 82.80 and 45.92% in 10 mM Cu stress. Photosynthetic efficiency (qP, qN and Y) was decreased in a dose dependent manner whereas NPQ was increased in 1 and 5 mM and decreased in 10 mM Cu. Photosynthetic pigments viz total chlorophyll and carotenoids were increased in low concentrations and decreased in high concentrations of Cu. Osmolytes such as proline, glycine betaine and sugars were found to be increased in a dose dependent manner. Similarly antioxidants such as superoxide dismutase and catalase increased to 129.17 and 169.7%, respectively under Cu stress. Vitamin C and vitamin E was also increased in different concentrations of Cu to a significant level. It can be concluded from the present study that C. cajan can tolerate Cu stress up to 5 mM by adjusting the proportion of proline, glycine betaine, sugars and vitamins along with increasing the activity of some of the antioxidant enzymes.
Introduction
Copper (Cu) is an indispensable micronutrient for plant growth and development (Sharma and Agrawal 2005) . It is a core ion in plant pigments and enzymes such as plastocyanin, polyphenol oxidase, superoxide dismutase, tyrosinase, cytochrome c oxidase (Yruela 2005) . It plays an important role in various physiological processes such as cell wall metabolism, hormone signaling, photosynthesis and respiration. (Marschner 1995; Raven et al. 1999) . However higher concentration of Cu causes oxidative damage in the plant cell, which affects plant growth and development. Thounaojam et al. (2012) also detailed about induction of oxidative stress in increased concentration of Cu in Oryza sativa. Inhibition of seed germination, root length and shoot length was reported in tomato, wheat and barley seedlings subjected to Cu stress conditions (Ashagre et al. 2013; Singh et al. 2007; Kalai et al. 2014) . Peng et al. (2013) revealed that Cu deficiency leads to growth reduction, and decrease in photosynthetic parameters while excess of Cu cause reduced iron accumulation and decreased chlorophyll as well as carotenoid content in Elsholtzia splendens. Cu ions also decline photosynthetic gas exchange, net photosynthesis, florescence parameters and stomatal conductance in Aaviceania germinans (González-Mendoza et al. 2013) . Similar decrease in PSII efficiency and increase in non-photochemical quenching was reported in cabbage (Wang et al. 2013 ) and decrease in chlorophyll pigment in presence of Cu was documented in Atriplex helimus as well as Camellia sinensis (Brahim and Mohamed 2011; Dey et al. 2014) . Malfunctioning of photosynthetic machinery leads to the production of reactive oxygen species in the plants. Increased production of H 2 O 2 and lipid peroxidation was reported in rice plants, alfa alfa, Solanum nigrum and Allium sativum (Meng et al. 2007 ; Thounaojam et al. 2012; Fidalgo et al. 2013; Hattab et al. 2013) . Plants produce various enzymatic as well as non-enzymatic antioxidants to combat highly toxic reactive oxygen species produced during Cu stress. Increased activities of superoxide dismutase (SOD), peroxidases (POD), ascorbate peroxidase and glutathione reductase in response to excess Cu was documented in maize leaves (Tie et al. 2012) . SOD and POD were also increased in Festuca arundinacea (Zhao et al. 2010 ) and catalase (CAT) activity was higher in the leaves of Allium sativum in presence of cu stress (Meng et al. 2007 ). To maintain the cellular homeostasis, plants produce osmoprotectants such as glycine betaine, sarcosine, proline etc. Increase in proline contents in Cu toxicity was seen in Triticum aestivum (Azooz et al. 2012) , sunflower (Zengin and Kirbag 2007) , and pigeonpea (Poonam et al. 2013) . Cu stress in plants initiates auxin (Nomura et al. 2015) , jasmonate (Ritter et al. 2008 ) abscisic acid as well as salicylic acid signaling (Wu et al. 2012; Yan and Dong 2014) .
Pigeonpea [Cajanus cajan (L.) Millsp.] is a member of family Fabaceae and a major legume crop grown and consumed all over the world. It is extremely nutritious and have medicinal, toxicological, hepatoprotective, antisicklig hypolipidemic and antioxidant activities. (Osuagwu 2010; Ezike et al. 2010; Oyewole et al. 2010; Singh et al. 2011) . Due to its wide-ranging cultivation pigeonpea may face different type of biotic and abiotic stresses. Therefore this study was carried out to investigate the effect of different concentrations of Cu on growth, photosynthesis, osmoprotectants and antioxidants properties of pigeonpea seedlings. This study could be helpful to understand the mechanism of Cu tolerance as well as toxicity in pigeonpea seedlings.
Materials and methods

Plant material and stress treatments
Pigeonpea (Cajanus cajan AL-201) seeds were purchased from Department of Plant Breeding and Genetics, Punjab Agriculture University, Ludhiana, India. Carefully chosen healthy seeds were treated with 5% hypochloride (v/v), a commercial fungicide for 5 min. These sterilized seeds were soaked DW as control, for 6 h and then grown in 0, 1, 5 and 10 mM concentrations of Cu in petriplates line with filter paper. Seeds of each treatment were sowed in triplicate and in 10 mL of DW or 10 mL of Copper sulphate pentahydrate at 24°C under controlled condition (200 PAR light, 80% humidity and 16 ± 8 photoperiod). Fifteen days after sowing (DAS), seedlings were harvested, frozen in liquid nitrogen and stored at -80°C until used.
Growth parameters
Different growth parameters include percentage germination, root length, shoot length, percentage biomass and moisture content were measured in seedling grown in Cu stress for 15 days.
Measurement of chlorophyll fluorescence
Junior PAM chlorophyll flurometer having Wincontrol software. (Walz, Effeltrich, Germany) was used for the analysis of chlorophyll florescence. Seedlings were kept in dark for 30 min to relax the reaction centres. Leaf of dark adapted seedlings was clamped on the stage and measurements were initiated by default parameters. The following parameters were calculated in the light as well as dark adapted states: coefficient of photochemical quenching (qP, qN), coefficient of non-photochemical quenching of variable florescence (qN), non-photochemical quenching (NPQ), maximum quantum efficiency of PSII photochemistry in the dark adapted state (Fv/Fm) and quantum yield (Y).
Measurement of photosynthetic pigments
Total chlorophyll, Chlorophyll a and chlorophyll b and total carotenoids were determined by Lichtenthaler (1987) method. These pigments were extracted using 80% acetone and their concentrations were determined spectrophotometrically (UV-160A Shimadzu, Japan).
Measurements of osmoprotectants
Total carbohydrates
Total carbohydrates were estimated according to method of Dubois (1956) . Total carbohydrate was estimated at 485 nm using UV-visible spectrophotometer.
Total soluble sugars
Total sugars content was estimated by following Loewus (1952) method. Known weight of dried plant material was homogenised in 80% of ethanol and centrifuged at 30009g for 15 min and the extract was collected for sugars estimation. For total sugars 0.05 ml of extract was diluted to 2 ml by distilled water and 3 ml cold anthrone reagent was added. Mixture was heated for 10 min and cooled. O.D. was recorded at 630 nm.
Reducing sugars and non-reducing
Reducing sugars and non-reducing sugars were estimated according to method of Nelson (1944) method by taking absorbance at 620 nm.
Proline
Proline was evaluated using Bates et al. (1973) method. Plant tissue was homogenized in 3% sulphosalicylic acid and centrifuged at 11,5009g. The homogenate was filtered followed by addition of glacial acetic acid and acid-ninhydrin. Sample was incubated at 100°C for 1 h, toluene was added and absorbance was taken at 520 nm.
Glycine betaine
Plant tissue was mechanically shaken with 20 ml of deionized water. 2 N sulphuric acid was added to thawed extracts in 1:1 ratio and added cold potassium iodide-iodine reagent by following the method of Greive and Grattan (1983) . Stored the reaction mixture at 0-4°C for 16 h. The supernatant was removed carefully after centrifugation and the periodite crystals were dissolved in 9 ml of 1,2-dichloro ethane. Absorbance was measured at 365 nm.
Oxidative stress markers and antioxidant analysis
Malonaldehyde (MDA)
MDA content was measured according to the modified method of Heath and Packer (1968) . One g fresh tissue was taken and ground in 10 ml of 0.5% TBA in 20% TCA. The mixture was incubated at 958 C in water bath for 30 min and quickly cooled in an ice bath. The homogenate was centrifuged and absorbance of the supernatant was read at 532 nm.
NADPH oxidase
NADPH oxidase activity was measured by using the method of Juan et al. (2012) . The standard assay mixture was prepared by adding 0.5 ml enzyme extract to the 0.5 ml of 730 lM nitroblue tetra zolium (NBT), 1 ml of 100 lM NADPH solution. NBT reaction was determined by observing reduction at 530 nM.
Lipase
Lipase activity was measured by using the method of Winkler and Stuckman (1979) . The standard assay mixture was prepared by adding 10 ml of isopropanol containing 4-nitrophenyl palmitate (pNPP) and 0.05 M phosphate buffer (pH 8.0) containing 207 mg of sodium deoxycholate and 100 mg of gum arabic. A total of 2.4 ml of freshly prepared substrate solution was then pre-warmed at 37°C and mixed with 0.1 ml of enzyme solution. After incubation at 37°C for 15 min, the absorbance was measured at 410 nm against an enzyme free control.
Lipoxygenase assay
Lipoxygenase activity was measured by using the method of Grossman and Zakut (1979) . The standard assay mixture was prepared by adding 10 ll of linoleic acid or linolenic acid and 50 ll of tween 20 in 10 ml of 0.1 M phosphate buffer, pH 9.0. The reaction was started by the addition of 100 ll enzyme extract to the assay mixture. LOX activity was measured by monitoring the change in absorbance at 234 nm over a period of 2 min and activity was calculated.
Superoxide dismutase
Superoxide dismutase activity was measured by using the method of Kono (1978) method. To 0.5 ml of enzyme extract, 1.8 ll of 50 mM of Sodium Carbonate buffer (pH-10), 750 ll of 96 lM NBT and 150 ll Triton X-100 were added. The reaction was initiated by adding 0.4 ml of 1 mM hydroxylamine hydrochloride. Absorbance was taken at 540 nm using spectrophotometer mentioned elsewhere, and activity of SOD was taken as an increase in absorbance for 2 min at 25°C.
Guaiacol peroxidase
Guaiacol peroxidase was assayed by mixing 50 ll of Guaiacol, 30 ll of H 2 O 2 and 3 ml of potassium phosphate buffer (pH 7.0) and enzyme extract. Blank was prepared by adding all the reagents except enzyme extract by following the method of Putter (1974) .
Catalase
Catalase activity was assayed by Aebi (1983) method by mixing H 2 O 2 , potassium phosphate buffer (pH 7.0) and enzymes extract.
Vitamin C
Vitamin C was estimated according to the Chinoy et al. (1976) method. 2 ml of plant extract was prepared and added to 8 ml of 2, 6-dichlorophenol indophenols dye. OD was recorded at 530 nm.
Vitamin E
Vitamin E was estimated by using Rosenberg (1992) method. Sample was mixed slowly with 0.1 N sulphuric Physiol Mol Biol Plants (October-December 2017) 23(4): 809-816 811 acid and incubated at room temperature for overnight and then filtered. To the 1.5 ml of tissue extract, 1.5 ml of xylene added and centrifuged. Then 1.0 ml of xylene was separated and mixed with 1.0 ml of 2, 2-pyridyl and noted the absorbance at 460 nm. At the beginning, 0.33 ml FeCl 3 was added in blank and mixed well. After 15 min, read the test and standard against the blank at 520 nm.
Antioxidant potential
The DPPH radical scavenging assay was performed as described by Miliauskas et al. (2004) with slight modifications. The kinetics of 400 ll aqueous extract in 2.8 ml of DPPH (80 lM in ethanol) were registered in 5 min by monitoring DPPH disappearance at 515 nm.
Statistical analysis
All analysis was done on a completely randomized design. All data obtained was subjected to one way analysis of variance (ANOVA) using Graphpad Prism 5.0 software. Each data was the mean of three replicates (n = 3) except for shoot and root length (n = 5) and comparisons of p-values \ 0.05 were considered significant and different from control.
Results
Effect of Cu on growth
Percentage germination, root length and shoot length was decreased in different concentrations of Cu in a dose dependent manner and highest decrease of 34% in seed germination, 82.80% in root length and 45.92% in shoot length was observed in 10 mM Cu (Table 1) . Biomass percentage was found to be increased in Cu stress treatment as compared to the control and highest increase was seen in 5 mM Cu stress. However, moisture content was decreased in various concentrations of Cu and highest decrease was 11% in 5 mM Cu stress.
Effect of Cu on photosynthetic pigments
Increase in total chlorophyll pigment was seen in different concentrations of Cu and highest increase was reported in 10 mM Cu up to 36.71% (Table 2) . However, chlorophyll a was increased to 8.65 and 40.63% in 1 and 5 mM Cu and decreased to 7.45% in 10 mM Cu stress. Chlorophyll b content was increased to 29.77% in 5 mM Cu and decreased in 1 and 10 mM Cu. Total carotenoid content was also increased in 1 and 5 mM Cu up to 4.77 and 47.53%, respectively and decreased in 10 mM Cu to 3.51%.
Effect of Cu on Photosynthetic parameters
Decrease in qP and qN and Y was seen in pigeonpea seedlings in a dose dependent manner and highest decrease was seen in 10 mM Cu stress (Table 3) . Fv/Fm was also decreased in these seedlings however highest decrease was seen in 5 mM Cu stress. Non photochemical quenching was increased in 1 mM Cu stress and decreased in 5 and 10 mM Cu in a dose dependent manner. 
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Effect of Cu on osmolytes
Increase in total carbohydrate content was seen in different concentration of Cu and highest increase of 63.0% was observed in 5 mM Cu stress (Table 4) . In our study, total soluble sugars were also increased in Cu stress and highest increase was estimated in 5 mM Cu up to 54.6%. Reducing sugars were decreased in a dose dependent manner and highest decrease of 208.8% was seen in 10 mM Cu. However non-reducing sugars were highest in 51.71% in 5 mM Cu. Proline content was increased in different concentrations of Cu and highest increase of 428.87% was seen in 5 mM Cu stress. Glycine betaine content was reduced in 1 mM Cu stress to 21.2% and increased in 5 and 10 mM Cu to 90.18 and 94.9%, respectively.
Effect of Cu on oxidative stress markers
Regular increment in MDA was recorded in Cu treated seedlings from 1 mM Cu (14.84%) to 5 mM Cu (44.54%), which was slightly declined in 10 mM Cu (39.84%) treated seedlings (Table 5 ). Cu concentrations also affected the NADPH oxidase activity towards increasing side and highest of all time was recorded in 10 mM Cu where 80.2% additional NADPH oxidase activity was recorded than CN DDW seedlings. Different concentrations of Cu also enhanced LOX activity to many folds than CN DDW seedlings and LOX activity was 458.9, 479.4 and 441% more than CN DDW seedlings. Enhanced lipase activity was eventual from 1 mM Cu to 5 mM Cu and highest of all time was in 10 mM Cu treated seedlings.
Effect of Cu on antioxidants
SOD activity increased in a dose dependent manner in 1 and 5 mM Cu to 120.83 and 129.17%, respectively (Fig. 1a) . However less increase of 41.67% was seen in 10 mM Cu stress while POD was not activated in different concentrations of Cu and decreased to 66.6% in 5 mM Cu (Fig. 1b) . Activity of catalase was increased in different 
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0 mM Cu 532 ± 6.30 concentrations of Cu and highest increase was reported in 169.77% in 5 mM Cu stress (Fig. 1c) . Vitamin C content was increased in 1 mM Cu up to 9.38% and decreased to 22.77% and 21.65 in 5 M and 10 mM Cu stress (Fig. 1d) . Vitamin E content was increased to 145.83% in 5 mM Cu stress (Fig. 1e) . Overall increase in antioxidant potential was observed in a dose dependent manner with highest increase in 10 mM Cu (Fig. 1f) .
Discussion
Copper is a micronutrient and plays an important role in plant growth and development. In the present study, the inhibitory effect of toxic concentrations of copper has been observed in pigeonpea seedlings in a dose dependent manner. Similar decrease in seed germination, root length as well as shoot length was seen in Lycopersicon esculetum under Cu stress (Ashagre et al. 2013) . Kalai et al. (2014) also reported decline in radicle and shoot length in barley seedlings due to decline in a amylase, acid phosphatase and alkaline phosphatase. Decrease in mitotic index was also reported in Allium sativum under Cu stress (Jiang et al. 2001) . Biomass percentage was found to be increased in Cu stress treatment as compared to the control and highest increase was seen in 5 mM Cu stress. However moisture content was decreased in various concentrations of Cu and highest decrease was 11% in 5 mM Cu stress. Similar increase in growth and dry matter was reported in Vigna radiata (L.) under low concentration of Cu (Manivasagaperumal et al. 2011 ) while high concentration decreased growth and dry matter. In our study decrease in chlorophyll a, chlorophyll b and carotenoid content was reported in 10 mM Cu. Our results are in agreement with the results of Ali et al. (2015) showing decrease in chlorophyll a, b and carotenoid content in stonehead cabbage (Brassica oleracea var. capitata). In our study chlorophyll b was reduced in low as well as high concentration of Cu and in accordance with Peng et al. (2013) who documented the effect of Cu deficiency and excess on chlorophyll as well as carotenoids in Elsholtzia splendens plants. Decrease in qP and qN, Y and Fv/Fm was seen in pigeonpea seedlings in a dose dependent manner. However increase in non-photochemical quenching was observed in a dose dependent manner. These results are in agreement with Wang et al. (2013) who disclosed the reduction of photosynthetic efficiency by damaging photosystem and increasing non-photochemical quenching in non-heading chinese cabbage. Increase in total carbohydrate content was seen in different concentration of Cu. Rodríguez-Calcerrada et al. (2011) reported the role of soluble sugar as organic osmolyte, which increase tolerance to osmotic stress and protects against photo-damage. In our study total soluble sugars were also increased in Cu stress. Chai et al. (2014) reported similar increase in soluble sugars in Spartina alterniflora. Reducing sugars were decreased in a dose dependent manner. However the concentration of non-reducing sugars were increased. The concentrations of proline and glycine betaine, which play important role in maintaining osmotic concentrations of the cell, also were increased in the present study. MDA content was increased which was found to be in accordance with Zhao et al. (2010) where increase in MDA content was reported in roots of turfgrass under copper stress. In the present study, increased NADPH oxidase and lipase activity demonstrated the unstable plasma membrane integrity. This study shows enhancement of lipoxygenase activity, which shows the initiation of jasmonates signalling under Cu stress. Similarly, Ritter et al. (2008) reported octadecanoid and eicosanoid biosynthesis in the brown algal kelp Laminaria digitata. Further increase in SOD activity was also reported in this study while POD was not activated in different concentrations of Cu. Similar decrease in POD activity was reported in Lolium perenne however increase in activities of SOD and POD was documented in Festuca arundinacea (Zhao et al. 2010 ). Activity of catalase was increased in different concentrations of Cu and highest increase was reported 5 mM Cu stress. On the contrary Hattab et al. (2013) reported decrease in the activities of CAT, GR and SOD in alfa alfa. We also observed increased content of vitamin C and vitamin E, which helps in decreasing oxidative stress in plants. Overall increase in antioxidant potential was observed in a dose dependent manner with highest increase in 10 mM Cu.
Conclusion
This study highlighted the relationship between osmoprotectants and oxidative stress tolerance in pigeonpea seedlings subjected to Cu stress conditions. Pigeonpea seedlings grown in 5 mM Cu stress contain highest concentration of proline, glycine betaine as well as sugars, which help in maintaining osmoregulation in the plant cell membrane and organelles from physical damage. Antioxidants activities such as superoxide dismutase, catalase, vitamin E also help to improve oxidative stress tolerance.
